Nonalcoholic steatohepatitis (NASH) and alcoholic liver disease have similar pathological features. Because CYP2E1 plays a key role in alcoholic liver disease with its ability to stimulate lipid peroxidation, we tested the proposal that CYP2E1 could also be a factor in the development of NASH. In a dietary model -mice fed a methionine-and cholinedeficient (MCD) diet -liver injury was associated with both induction of CYP2E1 and a 100-fold increase in hepatic content of lipid peroxides. Microsomal NADPH-dependent lipid oxidases contributed to the formation of these lipid peroxides, and in vitro inhibition studies demonstrated that CYP2E1 was the major catalyst. To further define the role of CYP2E1 as an initiator of oxidative stress in NASH, Cyp2e1 -/mice were administered the MCD diet. CYP2E1 deficiency neither prevented the development of NASH nor abrogated the increased microsomal NADPH-dependent lipid peroxidation, indicating the operation of a non-CYP2E1 peroxidase pathway. In Cyp2e1 -/mice with NASH (but not in wild-type mice), CYP4A10 and CYP4A14 were upregulated. Furthermore, hepatic microsomal lipid peroxidation was substantially inhibited by anti-mouse CYP4A10 antibody in vitro. These results show that experimental NASH is strongly associated with hepatic microsomal lipid peroxidation. CYP2E1, the main enzyme associated with that process in wild-type mice, is not unique among P450 proteins in catalyzing peroxidation of endogenous lipids. We have now identified CYP4A enzymes as alternative […] Article Find the latest version:
Introduction
Nonalcoholic steatohepatitis (NASH) is a common liver injury in which the histopathological abnormalities mimic those of alcoholic steatohepatitis (1) . The histopathological features include steatosis, evidence of liver cell injury, a mixed inflammatory lobular infiltrate, and variable fibrosis (1) (2) (3) (4) . The pathophysiological mechanisms leading to the development of NASH remain unclear. The disorder is commonly associated with obesity, type 2 diabetes, hyperlipidemia, and rapid weight loss (5, 6) . Hepatic steatosis has been proposed to be an essential precursor of NASH, but the chronic accumulation of fat, as seen in rodent models of genetic obesity such as obese (ob/ob) mice and fatty (fa/fa) Zucker rats, or in some obese humans, does not lead to necroinflammatory lesions (7) (8) (9) . Thus, triggering host or environmental factors seem to be required to precipitate a cascade of events leading to cell necrosis, inflammation, and fibrosis. Two proposed causes are toxic lipid peroxidation and portal endotoxemia (9) (10) (11) (12) (13) (14) (15) .
The similarity of hepatic lesions between NASH and alcoholic steatohepatitis suggests the possibility of common elements of pathogenesis. Numerous studies have emphasized the critical importance of oxidative stress as part of the pathophysiological mechanism of alcoholic steatohepatitis (16) . For instance, antioxidants such as polyenylphosphatidylcholine that correct oxidative stress and lipid peroxidation prevent liver cirrhosis in baboons chronically fed alcohol (17, 18) . There is accumulating evidence that alcohol-mediated upregulation of cytochrome P450 2E1 (CYP2E1) may initiate lipid peroxidation by the production of reactive oxygen species (16, 19, 20) . In view of the cytotoxic effect of reactive oxygen species and lipid peroxides (21, 22) and the capacity of CYP2E1 to generate such intermediates (19, 20, 23, 24) , it is likely that this enzyme plays a key role in the pathogenesis of liver injury.
Previous studies from this laboratory have demonstrated that upregulation of hepatic CYP2E1 occurs in patients with NASH (25) . Interestingly, diabetes and starvation -factors reported to be clinically associated with more severe development of NASH (7, 9) -also upregulate CYP2E1. Furthermore, rats fed a methionineand choline-deficient (MCD) diet develop NASH in which the extent and lobular distribution of CYP2E1 expression are closely related to the distribution of steatosis and inflammation (14) .
Nonalcoholic steatohepatitis (NASH) and alcoholic liver disease have similar pathological features. Because CYP2E1 plays a key role in alcoholic liver disease with its ability to stimulate lipid peroxidation, we tested the proposal that CYP2E1 could also be a factor in the development of NASH. In a dietary model -mice fed a methionine-and choline-deficient (MCD) diet -liver injury was associated with both induction of CYP2E1 and a 100-fold increase in hepatic content of lipid peroxides. Microsomal NADPH-dependent lipid oxidases contributed to the formation of these lipid peroxides, and in vitro inhibition studies demonstrated that CYP2E1 was the major catalyst. To further define the role of CYP2E1 as an initiator of oxidative stress in NASH, Cyp2e1 -/-mice were administered the MCD diet. CYP2E1 deficiency neither prevented the development of NASH nor abrogated the increased microsomal NADPH-dependent lipid peroxidation, indicating the operation of a non-CYP2E1 peroxidase pathway. In Cyp2e1 -/-mice with NASH (but not in wild-type mice), CYP4A10 and CYP4A14 were upregulated. Furthermore, hepatic microsomal lipid peroxidation was substantially inhibited by anti-mouse CYP4A10 antibody in vitro. These results show that experimental NASH is strongly associated with hepatic microsomal lipid peroxidation. CYP2E1, the main enzyme associated with that process in wildtype mice, is not unique among P450 proteins in catalyzing peroxidation of endogenous lipids. We have now identified CYP4A enzymes as alternative initiators of oxidative stress in the liver.
In this study, we tested the proposal that hepatic CYP2E1 plays a central role in the development of NASH by initiating lipid peroxidation. Establishment of a murine model of NASH (mice fed the MCD diet) confirmed that extensive liver injury was associated with induction of CYP2E1 and high levels of liver lipoperoxides. We then demonstrated that in wild-type mice, CYP2E1 was the main enzyme responsible for the enhanced microsomal lipid peroxidation observed in NASH. Finally, we tested whether CYP2E1 was essential for the development of NASH by feeding the MCD diet to Cyp2e1 -/-mice. Surprisingly, the absence of CYP2E1 neither prevented the development of NASH nor abrogated the operation of microsomal lipid peroxidation. However, we provide evidence that an alternative CYPmediated pathway is effective in generating microsomal lipid peroxidation in Cyp2e1-deficient mice.
Methods
Animals. All protocols for animal experimentation and maintenance were approved by the Westmead Hospital Animal Ethics Committee and conformed to the highest international standards of humane care. C57BL6/J mice were obtained from Monash University Animal Service (Melbourne, Australia). Cyp2e1 -/-mice were provided by F.J. Gonzalez (National Cancer Institute, National Institutes of Health, Bethesda, Maryland, USA). Heterozygous Cyp2e1 +/-littermates acted as controls. Animals (4 per cage) were provided with unrestricted amounts of food and water, housed in temperature-and humidity-controlled rooms, and kept on a 12-hour light/dark cycle. All experiments used female mice 8-10 weeks of age, weighing 20-25 g. At the end of the experimental period (up to 10 weeks), livers were rapidly excised and weighed. Aliquots were snap frozen and stored at -70°C until analysis, or were fixed in 4% buffered formaldehyde solution. Sections were stained with hematoxylin and eosin (H&E) for routine histology or Sirius red for collagen. Blood was obtained by cardiac puncture at the time of sacrifice, and the resulting serum was stored at -20°C until analysis.
Diet. Mice of each genotype were randomly divided into 2 experimental groups and fed either a plain MCD diet (14) or the MCD diet supplemented with choline bitartrate (2 g/kg) and DL-methionine (3 g/kg); the latter was designated the control diet. MCD and control diets were purchased from ICN Biomedicals Inc. (Sydney, Australia). During the experimental period, individual body weights and food intake (for the 4 mice per cage) were recorded 3 times per week.
Biochemical analyses. Assays for serum alanine aminotransferase (ALT), triglycerides, and cholesterol were performed by the Department of Clinical Chemistry at Westmead Hospital using automated procedures. Serum concentrations of β-hydroxybutyrate were measured using commercial reagents (Sigma Aldritch, St. Louis, Missouri, USA).
Total liver lipids were extracted from 50 mg of liver homogenate using methanol and chloroform (26) , and were quantitated using the vanillin-phosphoric acid reaction (27) . Total triglycerides were determined in the same homogenate using the triglyceride GPO-Trinder kit (Sigma-Aldritch).
For the determination of total lipoperoxides, a 50-mg aliquot of liver was homogenized in a 1.14% KCl solution containing desferrioxamine (50 mM; total volume 500 µL) to prevent the endogenous peroxidation of lipids during the procedure. Thiobarbituric acid-reactive substances (TBARs) were measured in 100 µL liver homogenate according to the technique described by Ohkawa et al. (28) .
Preparation of hepatic microsomes and determination of microsomal proteins and enzyme activities. Microsomal fractions were prepared from liver homogenate using differential centrifugation (29) . Pellets were resuspended in 50 mM potassium phosphate buffer (pH 7.4) and snap frozen. These were kept at -70°C until further analysis. EDTA was omitted from the preparation and storage buffers because it acts as a potent inhibitor of lipid peroxidation (19) . Microsomal protein was assayed by the method of Lowry et al. (30) , using BSA as a standard. Chlorzoxazone 6-hydroxylase activity was measured as an indicator of microsomal CYP2E1 activity; the method has been previously described (31) .
Levels of individual CYP proteins were determined by Western immunoblot analysis, using either a rabbit polyclonal anti-rat CYP2E1 antibody (kindly supplied by M. Ingelman-Sundberg, Department of Physiological Chemistry, Karolinska Institute, Stockholm, Sweden) or polyclonal goat anti-rat CYP3A1, CYP1A1, or CYP4A1 antibodies (Gentest Corp., Woburn, Massachusetts, USA). Secondary antibodies were anti-rabbit or anti-goat peroxidase-conjugated antibodies (Sigma-Aldritch), as required. Proteins were viewed using enhanced chemiluminescence (ECL; Amersham Life Sciences, Amersham, United Kingdom). The exposed film was analyzed using a laser densitometer linked to the ImageQuant analysis program (both from Molecular Dynamics Inc., Sunnyvale, California, USA).
Determination of microsomal NADPH-dependent lipid peroxidation. The capability of microsomal protein to peroxidize endogenous lipids in the presence of NADPH was determined using a technique described by Ekström and Ingelman-Sundberg (19) . Briefly, the reaction mixture (100 µL) containing 200 µg protein in 50 mM potassium phosphate buffer (treated with Chelex-100) was incubated in the presence of 0.5 mM NADPH at 37°C for 10 minutes. The reaction was stopped by the addition of 25% acetic acid. After centrifugation, an aliquot of the supernatant was added to an equal volume of 7.3% thiobarbituric acid aqueous solution and heated at 95°C for 15 minutes. TBARs were extracted using 3 volumes of n-butanol. The absorbance of the organic phase was monitored at 535 nm, and the concentration of TBARs was calculated by reference to a calibration curve using authentic malondialdehydebis(dimethylacetal) (Sigma-Aldritch).
For pharmacological and immunological inhibition studies, microsomal protein was preincubated for 10-30 minutes at room temperature in the presence of either diethyldithiocarbamate (DETC; 10 µM) or rabbit polyclonal anti-rat CYP2E1 IgG, both of which are CYP2E1 inhibitors. Rabbit anti-rat CYP4A1 IgG (which has previously been demonstrated to cross-react specifically with mouse CYP4A10 [32] and is therefore referred to as anti-mouse CYP4A10) and anti-mouse CYP4A12 IgG (both provided by D.R. Bell, University of Nottingham, United Kingdom) were also used for inhibition studies. Control samples were incubated with vehicle or preimmune serum, as appropriate. Results are expressed as the percentage of inhibition; the maximal activity (no inhibition) is the activity of the control.
Determination of mRNA levels. Total RNA was extracted from pulverized frozen liver using TRIzol reagent (GIBCO BRL, Gaithersburg, Maryland, USA). CYP2E1 mRNA levels were determined by Northern analysis using a riboprobe derived from bp 815-516 of the mouse CYP2E1 cDNA (33) . The membranes were subsequently stripped and reprobed with an 18S rRNA oligonucleotide probe as a standard for the equivalence of loading and RNA integrity. For quantitation of individual mouse CYP4A mRNA species, RNase protection assays were performed using a standard technique (34) . Specific probes for mouse CYP4A10, CYP4A12, and CYP4A14 have been described previously (32, 35 ) (Gen-Bank accession numbers X71478, X71479, and Y11638, respectively). A pTRI-β-actin mouse antisense control template containing a 245-bp fragment of the mouse cytoplasmic β-actin gene (nucleotides 739-989 of Gen-Bank accession number X03672) was purchased from Ambion Inc. (Austin, Texas, USA). The DNA templates were used to synthesize probes labeled with [α-32 P]CTP (Amersham Life Science) in the presence of AGU-TP (0.5 µM each) using SP6 or T7 RNA polymerase (Promega Corp., Madison, Wisconsin, USA). The probes were subsequently purified using a NucTrap probe purification column (Stratagene, La Jolla, California, USA). Total RNA was cohybridized overnight at 48°C with either CYP4A10, CYP4A14 and β-actin, or CYP4A12 and βactin riboprobes. After treatment with RNase T1 (Roche Molecular Biochemicals, Mannheim, Germany), protected fragments were separated on denaturing acrylamide-urea gels. Individual bands were made visible with autoradiography and were quantified using the PhosphorImager and ImageQuant analysis programs from Molecular Dynamics Inc. The level of a given CYP4A mRNA was expressed relative to β-actin mRNA.
Statistics. All measurements were performed on blood samples, liver samples, protein, or RNA from individual animals. The results are presented as mean ± SD of 4 animals per genotype, treatment, and time point, unless otherwise indicated in the figure legends. The effects of dietary regimen and genotype on the different parameters were analyzed by 2-way ANOVA. If F was found to be significant, the Student's t test was used to test individual differences. A value of P < 0.05 was considered to be statistically significant.
Results
Effects of MCD diet on C57BL6/J mice. Despite a higher food intake relative to body weight, C57BL6/J mice fed the MCD diet lost weight compared with animals fed the control diet (Table 1 ). This weight loss was apparent immediately after starting the diet, and stabilized after 5 weeks. Despite the extent of weight loss, the general condition of the animals remained good and their behavior appeared normal throughout the experimental period. Furthermore, whereas serum triglyceride levels were decreased, levels of β-hydroxybutyrate remained unchanged in MCD diet-fed mice ( Table 1) , indicating that the reduction in body weight was not associated with a biochemical effect of fasting. Feeding the MCD diet resulted in a major increase in serum ALT levels compared with controls, reaching 637 ± 128 IU/L after 10 weeks of the dietary regimen (Table  1) . At this time, livers revealed lipid droplets as clear macrovacuoles affecting all but zone 1 hepatocytes (periportal hepatocytes) (Figure 1c ). Staining with oil red O confirmed the lipid content of these vacuoles (not shown). Consistent with these morphological changes, total hepatic lipid content was increased by a factor of 2, and the triacylglycerol fraction increased 3-fold, compared with controls ( Table 2 ). In addition to hepatic steatosis, there were large areas of mixed inflammatory cell infiltration and hepatocyte necrosis dissecting the liver parenchyma (Figure 1c ), together with discrete perivenular and pericellular fibrosis (Figure 1d) .
Effect of MCD diet on hepatic CYP2E1 expression. To characterize hepatic CYP2E1 expression in C57BL6/J mice fed the MCD or control diet, we determined the levels of liver CYP2E1 mRNA, microsomal protein, and enzyme activity. As shown in Table 2 , intake of the MCD diet was associated with pretranslational upregulation of CYP2E1, and the resultant increased level of CYP2E1 protein was catalytically active.
To establish the specificity of upregulation of CYP2E1, the expression of other major cytochromes P450 was examined. The levels of CYP1A and CYP3A proteins were slightly decreased in mice administered the MCD diet, whereas there was no significant change in mRNA levels of the 3 members of the mouse CYP4A subfamily (CYP4A10, CYP4A12, and CYP4A14) (data not shown).
Evidence of lipid peroxidation in C57BL6/J mice with NASH. As indicated by the accumulation of TBARs, total lipid peroxides were dramatically increased (about 100-fold) in the livers of mice fed the MCD diet ( Table 2 ). The possibility that microsomal proteins contributed to this increase was examined by determining NADPH-dependent lipid peroxidation in microsomal fractions. This activity was increased 3-fold in microsomal fractions prepared from MCD diet-fed mice compared with controls (1.52 ± 0.23 µmol and 0.45 ± 0.07 µmol TBARs/mg protein per min, respectively; P < 0.001).
To determine the extent to which CYP2E1 contributed to microsomal NADPH-dependent lipid peroxidation, the effects of chemical and immunological inhibitors of CYP2E1 were studied. DETC was added to microsomal 1070
The proteins at a concentration (10 µM) that inhibits chlorzoxazone 6-hydroxylase activity by 72% (data not shown), and that has been shown to specifically block CYP2E1dependent activity (23, 36) . DETC significantly inhibited NADPH-dependent lipid peroxidation in microsomes from MCD and control diet-fed mice by 75% and 85%, respectively. Furthermore, addition of anti-rat CYP2E1 antibody inhibited this activity in a dose-dependent manner in both groups (Table 3 ). In contrast, mouse-specific CYP4A10 and CYP4A12 antibodies failed to modify the rate of formation of lipid peroxides in hepatic microsomes from C57BL6/J mice ( Table 3) . Effects of MCD diet in Cyp2e1 -/-mice. The previous results indicate that CYP2E1 is responsible for the enhanced lipid peroxidation observed in hepatic microsomes from mice fed the MCD diet. To test the hypothesis that increased expression of this enzyme is involved in the pathogenesis of NASH through the generation of oxidative stress, Cyp2e1 -/-mice lacking expression of functional CYP2E1 protein were fed the MCD diet. The results were compared with Cyp2e1 +/-mice challenged with the same dietary regimen. Compared with their respective controls, both Cyp2e1 +/and Cyp2e1 -/mice fed the MCD diet lost weight to the same extent ( Figure   2a ). Cyp2e1 -/-mice subjected to the MCD diet also developed histological evidence of gross hepatic steatosis, focal hepatocellular necrosis, and mixed inflammatory infiltrate (Figure 3) . The extent and severity of necroinflammatory changes were similar in Cyp2e1 -/-and Cyp2e1 +/-mice, but Cyp2e1 -/-mice exhibited more fat accumulation than did their genetic controls (Figure 2b) . Correspondingly, serum ALT levels were significantly higher (P < 0.001) in the MCD diet-fed mice of both genotypes relative to their respective controls (Figure 2c) .
In both Cyp2e1 -/-and Cyp2e1 +/-mice fed the MCD diet, there was a major increase of lipid peroxides in the liver (Figure 2d ). Likewise, despite the absence of CYP2E1 expression (confirmed by Northern and Western analyses; Figure 4 ), the basal level of microsomal NADPH-dependent lipid peroxidase activity appeared similar in Cyp2e1 -/-and Cyp2e1 +/mice fed the control diet (Table 4 ). Moreover, administration of the MCD diet significantly increased this activity in both genotypes by a factor of 4.5 ( Table 4 ). As observed in wild-type C57BL6/J mice, addition of DETC or CYP2E1 antiserum to the reaction mixture abrogated NADPHdependent lipid peroxidation in Cyp2e1 +/-mice. However, these reagents had no significant effect in microsomes prepared from Cyp2e1 -/-mice (Table 4 ).
These observations indicated that CYP2E1 is the major enzyme responsible for microsomal lipid peroxidation in mice expressing CYP2E1 protein (Cyp2e1 +/and wild-type C57BL6/J). However, the absence of CYP2E1 in microsomes from Cyp2e1 -/-mice did not correlate with a decrease in lipid peroxidase activity. Furthermore, such activity was inducible in the Cyp2e1 -/mice to the same extent as in Cyp2e1 +/-mice by feeding the MCD diet. We interpret these data as indicating that in the absence of CYP2E1, an alternative, inducible biochemical pathway operates to mediate microsomal NADPH-dependent lipid peroxidase activity. Effects of MCD diet on cytochromes P450 in Cyp2e1 -/-mice. To test the above assertion, further studies were conducted to characterize MCD-induced changes in hepatic microsomal proteins in Cyp2e1 -/-mice. Levels of CYP1A and CYP3A proteins were similar in Cyp2e1 -/mice and Cyp2e1 +/-mice fed the control diet, whereas feeding the MCD diet produced an apparent slight (not significant) decrease in both proteins (not shown). The 2 major members of the mouse Cyp4a subfamily are Cyp4a10 and Cyp4a14; expression of Cyp4a12 is barely detectable in female mice. There were no differences in the RNA levels of these 3 genes between Cyp2e1 -/-mice and Cyp2e1 +/-mice fed the control diet (Figure 5c ). However, feeding the MCD diet significantly increased hepatic CYP4A10 and CYP4A14 expression in Cyp2e1 -/mice, by 150% (P = 0.001) and 300% (P < 0.001), respectively ( Figure 5, a and c) . There was no change in CYP4A12 transcripts ( Figure 5, b and c) . In contrast, in Cyp2e1 +/-mice, the MCD diet produced no significant change in the major forms of CYP4A (CYP4A10 and CYP4A14), although CYP4A12, a minor form, was decreased ( Figure 5 ).
To establish whether CYP4A enzymes might be involved in the generation of lipid peroxides in Cyp2e1 -/mice, we analyzed the effects of anti-mouse CYP4A10 and CYP4A12 antibodies on NADPH-dependent lipid peroxidase activity in microsomal fractions. Significant and substantial immunoinhibition of TBARs production was observed using the anti-CYP4A10 antibody (Table 4 ). This antibody had only minor effects in microsomes from Cyp2e1 +/-mice. No significant effect was noted using the CYP4A12 antiserum (Table 4) . Given the lack of information regarding the specificity of immunoinhibition by the antibody, this observation is not conclusive, but is consistent with the low expression level of this isoform and the finding that it was not upregulated by dietary manipulation (Figure 5 ).
Discussion
The purpose of this study was to determine whether hepatic CYP2E1 is responsible for catalyzing injurious peroxidative pathways involved in the pathogenesis of NASH, and if so, to establish whether upregulation of CYP2E1 associated with NASH is an essential step in the development of this disease. With use of the MCD dietary model, mice rapidly and consistently developed a severe form of steatohepatitis. The characteristic pathology of steatosis, mixed cell inflammatory infiltrate, hepatocellular necrosis, and eventual pericellular fibrosis mimics that found in humans with NASH. In addition, the elevated serum ALT concentrations indicate that the hepatic inflammatory process observed histologically in the MCD diet-fed mice was associated with hepatocellular injury.
The first important finding was that this form of NASH was associated with a dramatic increase in total lipid peroxides in the liver. This was consistent with the hypothesis that the necroinflammatory lesions might result from (or cause) oxidative stress. Several studies have indicated that lipid peroxidation products are important factors in the development of alcoholic liver disease, a condition that histologically resembles NASH (1, 15, 36, 37) . Furthermore, there is increasing evidence that CYP2E1, a microsomal enzyme that is highly inducible by ethanol, plays a key role in the pathogenesis of alcoholic liver disease with its ability to initiate oxidative stress (19, 20, 24, (38) (39) (40) . It was therefore interesting that, as previously described in rats (14) and in humans with NASH (25), hepatic CYP2E1 was upregulated in the murine model of NASH. This induction occurred through a pretranslational mechanism and resulted in the overexpression of catalytically active CYP2E1 protein, as assessed by chlorzoxazone 6-hydroxylase activity.
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Figure 4
Hepatic CYP2E1 expression in Cyp2e1 +/mice and Cyp2e1 -/mice fed the MCD diet or the control diet for 10 weeks. (a) Immunoblots obtained with anti-rat CYP2E1 antibody. (b) Northern blot analysis using a mouse-specific CYP2E1 riboprobe (see Methods). The signal for 18S rRNA is shown as a control for loading and RNA integrity. To determine whether the increased expression of CYP2E1 could be involved in generating the oxidative stress observed in the murine model of NASH, we measured microsomal NADPH-dependent lipid peroxidation. This activity was dramatically increased in animals with NASH compared with controls. Furthermore, lipid peroxidation was substantially inhibited by DETC (at a concentration that significantly inhibits CYP2E1-related chlorzoxazone activity). The use of specific CYP2E1 antiserum confirmed the predominant participation of CYP2E1 in this process. The anti-CYP2E1 antibody abolished 89% of NADPH-dependent lipid peroxidase activity in microsomes from C57BL6/J mice fed the MCD diet, and 66% in the Cyp2e1 +/-strain. These findings implicate CYP2E1 as a catalyst for hepatic lipid peroxidation in these animals, and link the increased microsomal lipid peroxidation seen in this model of NASH with the upregulation of CYP2E1. It is important to note that like NASH in humans, this dietary mouse model is associated not only with increased CYP2E1 expression but also with increased hepatic storage of triglycerides, which provides a reservoir of substrate for lipid peroxidation. Interestingly, in humans, more severe NASH is observed in the context of rapid weight loss and noninsulin-dependent diabetes mellitus, both conditions that are characterized by increased CYP2E1 expression and increased mobilization of FFAs within the liver (8) . Thus, the constellation of findings noted in C57BL6/J mice fed the MCD diet includes florid steatohepatitis, increased total hepatic triglycerides, high levels of lipoperoxides, overexpression of CYP2E1, and enhanced CYP2E1-catalyzed production of lipid peroxides by hepatic microsomes.
Clearly, all these observations are consistent with a mechanism whereby CYP2E1, induced by the dietary regimen, can act as an initiator of oxidative stress in a steatotic liver. However, it does not prove that this enzyme is an essential requirement for the production of this pattern of liver injury. We therefore used Cyp2e1 -/mice to further investigate the involvement of CYP2E1 in the pathogenesis of NASH. Despite the lack of CYP2E1 protein, when Cyp2e1 -/-mice were fed the MCD diet they also developed severe steatohepatitis that was histologically similar to that observed in heterozygous control mice expressing 1 allele of the Cyp2e1 gene. Consistent with the histological findings, we also observed increased serum ALT levels and a dramatic increase in total hepatic lipid peroxides in MCD diet-fed Cyp2e1 -/mice, just as in Cyp2e1 +/-mice fed the same diet. Moreover, microsomal NADPH-dependent lipid peroxidation was increased to a similar extent in both strains of mice. These results show unequivocally that CYP2E1 is not the only catalyst of microsomal lipid peroxidation during the development of steatohepatitis.
In hepatic microsomes, NADPH-dependent reduction of oxygen leading to lipid peroxidation is catalyzed predominantly by CYP2E1, but other forms of P450 can also act as catalysts to a certain extent (23, 24, 40) . It is also possible that P450 enzymes produce TBARs by direct peroxidase activity (19) . We therefore considered the possibility that another microsomal enzyme was responsible for the initiation of lipid peroxidation in Cyp2e1 -/-mice. In Cyp2e1 -/-mice, but not in Cyp2e1 +/mice, feeding the MCD diet increased expression of the 2 major CYP4A isoforms, CYP4A10 and CYP4A14. In contrast, the protein levels of CYP1A and CYP3A were not altered. Like CYP2E1, CYP4A enzymes are fatty acid hydroxylases. Together with CYP2E1, they play an important role in the metabolism of various endogenous lipid substrates such as fatty acids and arachidonic acid (20, 41) . It has been suggested that CYP4A enzymes could catalyze the production of active oxygen and lipid peroxides during peroxisome proliferation (42) . Moreover, CYP4A genes are coregulated with other genes that encode proteins involved in fatty acid β-oxidation (e.g., acetyl CoA oxidase and ketothiolase) and transport (liver fatty acid-binding protein and acyl-CoA-binding protein). It is therefore clear that CYP4A proteins are key intermediaries in an adaptive response to perturbation of hepatic lipid metabolism (43) (44) (45) (46) . Consequently, the upregulation of CYP4A we have observed in MCD diet-fed Cyp2e1 -/-mice could be a physiological response in the unusual context of aberrant lipid accumulation and absence of CYP2E1 activity. Therefore, we conducted additional experiments to establish whether these CYP4A proteins could also mediate NADPH-dependent lipid peroxidation. The specific anti-mouse CYP4A10 antibody significantly inhibited NADPH-dependent lipid peroxidation both in microsomes prepared from Cyp2e1 -/-mice fed the control diet (45% inhibition), and to a greater extent in microsomes from animals fed the MCD diet (65% inhibition). The difference in the immunoinhibition levels between these groups is consistent with the higher expression of CYP4A10 in MCD diet-fed mice. However, this antibody had only a minor effect in microsomes from mice expressing CYP2E1. These results demonstrate that, in this in vitro system, CYP4A10 can effectively mediate NADPH-dependent lipid peroxidation, but only as an alternative pathway that is recruited in the absence of CYP2E1.
Taken together, the results of this study conclusively demonstrate that the dietary model of NASH is associated with oxidative stress and lipid peroxidation in the liver. This process can lead to membrane damage and cellular injury (47) . In addition, the end-products of lipid peroxidation are potent chemoattractants for inflammatory cells (21) ; they can also activate hepatic stellate cells and hence stimulate hepatic fibrosis (22) . Our data provide the first direct evidence that CYP2E1 is the major enzyme responsible for microsomal lipid peroxidation in NASH. This further strengthens the potential mechanistic link between upregulation of CYP2E1 and steatohepatitis. Nevertheless, we have shown that CYP2E1 is not an absolute requirement for the development of NASH, because in its absence, the MCD diet still provoked microsomal lipid peroxidation and led to the development of NASH.
The most interesting novel finding of this work is the identification, on the basis of in vitro studies, of CYP4A enzymes as alternative catalysts for the microsomal oxidative stress that is operative in the absence of CYP2E1. This pathway is not effective in generating lipoperoxides when CYP2E1 is expressed, probably because of the relative abundance and prominent capacity of this enzyme for lipid peroxidation. Similar observations regarding CYP2E1 in the context of early alcohol-induced liver injury have been recently reported by Kono et al. (48) , suggesting a replacement of CYP2E1 function, although CYP4A proteins were not studied in this work. The role of CYP4A enzymes in mediating deleterious lipid peroxidation in vivo remains to be established.
One implication of the redundancy in expression of microsomal enzymes involved in the management of lipid stores during increased load of hepatic triglycerides is that targeting individual enzymes may not ablate lipoperoxide production in NASH. Further studies are required to clarify the role of the intrahepatic pool of peroxidizable lipids and the cellular defense mechanisms against oxidative stress in the initiation and evolution of NASH, particularly because this information may provide the basis for designing rational strategies for therapy in this common disorder.
